Three legume root nodule bacteria systems (Medicago polymorpha L.-Rhizobium meliloti, Ornithopus sativus Brot.-Bradyrhizobium lupini and Trifolium subterraneum L.-Rhizobium leguminosarum bv. trifolii) were grown in solution culture under conditions likely to lead to the production of alternative nitrogenases (molybdenumdeficient, or molybdenum-deficient but supplemented with vanadium). Addition of 1 aUM molybdenum produced significant responses in both nodule and top weights while 2 AM vanadium did not. Ethane, which is produced as well as ethylene when acetylene is reduced by vanadium nitrogenase or nitrogenase-3 from Azotobacter, was not found in significant amounts during assays of acetylene reduction in either molybdenum-deficient or molybdenumdeficient, vanadium-supplemented treatments, suggesting that no non-molybdenum nitrogenase was produced by these root nodule bacteria.
INTRODUCTION
The involvement of molybdenum with the process of N2 fixation in Azotobacter has been known since the work of Bortels (1930) , and was given biochemical meaning by the isolation of the molybdenum iron protein (MoFe protein) of nitrogenases from a variety of bacteria (see Miller, 1990) .
Although early studies also indicated a role for vanadium in N2 fixation in Azotobacter (Burk, 1934; Bortels, 1936) , a biochemical explanation was not forthcoming for 50 years. Genetic studies with Nifmutants of Azotobacter vinelandii showed that some could fix N2 only under Mo-deficient conditions (Bishop, Jarlenski & Hetherington, 1980) . Unequivocal proof of the existence of a non-molybdenum nitrogenase system came with the construction of strains of both Azotobacter chroococcum and A. vinelandii which had had the structural genes for Mo nitrogenase (nifHDK) specifically deleted.
Such strains grew on N2, but only if Mo was omitted from the medium (Bishop et al., 1986 a; Robson, 1986 ). The conventional acetylene reduction assay for nitrogenase activity gave misleadingly low estimates of N2 fixation in cultures of one such mutant (A. vinelandii CAl1) (Bishop, Hawkins & Eady, 1986 b) .
The isolation of vanadium nitrogenases from both A. chroococcum ) and A. vinelandii (Hales et al., 1986) allowed the properties of these enzymes to be studied. Among their characteristics is the ability to reduce acetylene (ethyne) not only to ethylene (ethene) but also to ethane (Dilworth et al., 1987) , a reaction not catalyzed by Mo nitrogenases and thereby offering a possible differential assay for the V nitrogenase in vivo.
Molybdenum-deprived, V-supplemented cultures of A. chroococcum, A. vinelandii and Clostridium pasteurianum produced ethane during acetylene reduction assays, consistent with the possession of Vnitrogenase. Mutants of A. vinelandii lacking structural genes for both the Mo and V nitrogenases are now known also to produce ethane from acetylene (Pau, Mitchenall & Robson, 1989) . This comes about because in A. vinelandii there is a third nitrogenase system, the metal status of which is not yet clear, but which produces ethane from acetylene Pau et al., 1989) .
The distribution of V nitrogenases in diazotrophic bacteria is not yet clear. Their presence is confirmed for A. chroococcum and A.
vinelandii (Hales et al., 1986) and presumptive for Anabaena (Kentemich et al., 1988) and C. pasteurianum (Dilworth et al., 1987) . The nitrogenase-3 system (the non-Mo, non-V system) is known only
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ANP 118 Pau et al., 1989 (Quinto et al., 1985) . Although limited ethane formation from acetylene has been reported for Modeficient cultures of Azorhizobium caulinodans ORS571, together with a weak hybridization between its DNA and a vnfDK probe from A.
chroococcum (Chan et al., 1988) , the significance of these findings has been questioned (Robson, 1990) .
Moreover, there is no report of the expression of an alternative nitrogenase in a functioning legume nodule system.
The expression of alternative nitrogenases in
Azotobacter depends on the absence of repressive concentrations of Mo (Robson, 1990) . We reasoned that if either of the alternative nitrogenases occurred in root nodule bacteria, and were ever significant for N2 fixation in legume nodules, they should be expressed there under Mo-deficiency. Three different legumes have therefore been grown under Mo-deficient conditions in solution culture, with or without added V, and the presence of alternative nitrogenases studied by testing whether ethane was generated during acetylene reduction assays. The legumes were selected to cover two different species of Rhizobium and one of Bradyrhizobium.
MATERIALS AND METHODS

Plant species and bacterial strains
The plant species and cultivars, and the strains and sources of root nodule bacteria used to nodulate them, are given in Table 1 .
Growth of bacteria
Rhizobium meliloti WSM419 was grown in JMM broth of the composition given by O'Hara et al. 
Acetylene reduction assays
Harvested plants were freed from the plastic grommets, the roots blotted dry with paper towelling, and whole plants assayed for acetylene reduction as described by Trinick, Dilworth & Grounds (1976) .
Acetylene, ethylene and ethane were separated by gas chromatography on an alumina column as described by Dilworth, Eady & Eldridge (1988) .
Ethane contamination in the acetylene was extremely The digest was cooled, transferred to a 100 ml separating funnel marked for a 25 ml volume, and diluted to the mark with double deionized water.
Following addition of 0 5 ml of 0 1 00O (w/v) ceric sulphate in 0 5 M H2S04, the mixture was shaken well, and allowed to stand for 10 min for oxidation of the vanadium to the 5 + oxidation state (Ryan, 1960; Priyadashini & Tandon, 1961) . Concentrated HCl (10 ml) was added, followed immediately by 2 ml of 01 0o (w/v) N-benzoyl-N-phenylhydroxylamine in 4-methylpentan-2-one saturated with water at pH 2.
After 1 min timed shaking, the mixture was allowed to separate and the aqueous layer discarded. The organic phase was allowed to settle to release residues of the aqueous phase, which were also discarded before the organic phase was transferred to a 1 5 ml Eppendorf tube.
Reference materials and reagent blanks were carried through the whole digestion and extraction procedure.
Molybdenum and vanadium were determined by atomic absorption spectrophotometry using a hollow graphite anode and pyrolytic-coated tubes (Buchet, Knepper & Lauwerys, 1982; Manning & Slavin, 1985) , using 313 3 and 318 3 nm for Mo and V, respectively.
RESULTS AND DISCUSSION
Molybdenum and vanadium concentrations in nodules
When vanadium was not added to the nutrient solution, the concentrations of vanadium in the three types of legume root nodules were all extremely low but showed wide variation among species (Table 2) .
Since the initial seed was not analysed, it is not possible to say whether this variation was as a consequence of seed vanadium levels or major differences in uptake capability.
In the absence of added molybdenum, molybdenum concentrations were ten to one hundred times higher than those of vanadium in nodules of plants not receiving vanadium. The concentrations of molybdenum were also much more uniform among species. In all three species they were somewhat higher than the critical concentration of 1 3 mg kg-' in nodules suggested for diagnosis of molybdenum deficiency in soybean (Chotechaungmanirat, 1988 ).
Addition of vanadium resulted in 35-fold (serradella) to 1600-fold increases in nodule vanadium concentration, with the lowest absolute concentration in M. polymorpha. In subterranean clover and M. polymorpha, addition of vanadium had no effect on molybdenum concentrations, but vanadium addition increased the concentration of molybdenum in serradella nodules. Addition of molybdenum alone produced very large increases in nodule molybdenum concentrations (Table 2) ; only in M.
polymorpha did molybdenum addition depress the already low concentrations of vanadium.
When both molybdenum and vanadium were applied, concentrations of both increased in the nodules ( With the appropriate additions, the overall concentrations of molybdenum and vanadium in nodules were considerable, though it is not possible to conclude that adequate supplies of vanadium were reaching the bacteroids within their peri-bacteroid membranes. However, if vanadium is not available to the bacteroids when present at these concentrations in the nodule, it is unlikely that vanadium would ever be significant for bacteroid nitrogen fixation.
Nitrogenase of molybdenum-deficient root nodules 307 In none of the three cases did the addition of vanadium increase top weight in Mo-deficient plants (Tables 3-5) . Molybdenum produced significant increases in top weight in all three, and the increases occurred whether vanadium was added or not.
Nodule weights were also increased by molybdenum but not by vanadium for all three species (Tables   3-5 ).
Acetylene reduction activities
Only molybdenum addition increased the acetylene reduction activity per plant for all species; vanadium addition was ineffective (Tables 3-5 ). Top fresh weight was strongly correlated with ethylene production per plant for all three species (data not shown); nodule weight was also strongly correlated with it in M. polymorpha and serradella.
Ethane concentrations in the acetylene reduction assays were barely above the limit of detection; and the ratio of C2H6/C2H4 was extremely low, and always less than 1 1 x 10-6. For comparison, cultures of Mo-deficient, V-supplemented A. chroococcum, A. vinelandii or C. pasteurianum showed ratios of C2H6/C2H4 of 0 5-25 x 10-2 (Dilworth et al., 1987) .
Vanadium addition did not increase the ratio of C2H6/C2H4 as would be expected under molybdenum deficiency.
If molybdenum deficiency had resulted in the derepression of either a V nitrogenase or a nitrogenase-3 system, significant ethane production would have been expected. Since the nodules were all clearly Mo-deficient, as indicated by the top weight response to molybdenum addition, it appears most unlikely that alternative nitrogenases play any significant role in nitrogen fixation in these nodule systems in the field, even if the genes for them were to occur in the root nodule bacteria.
